B
RAIN tissue surrounding tumors contains varying numbers of abnormal ceils that are thought to have migrated from the tumor. Since blood vessels that grow into a tumor lose their blood-brain barrier (BBB) and become highly abnormal, ~3 it seems likely that blood vessels in surrounding brain might also show some degree of abnormality as a result of tumor cells in their environment. Although vascular permeability in peritumoral brain is an important factor in the delivery of anti-neoplastic drugs to the tumor cells, and may be important in the production of vasogenic edema, vessels in this area have not been well studied.
In experimental tumors the permeability of the BBB in peritumoral brain tissue has been variously reported to be reduced,~8 increased, r 6,23,26.35 or unchanged. ~5'73
Interpretation of these different findings is difficult because of the wide diversity in methodological approaches used and because of the lack of data on the cellular components of the tissue identified as "peritumoral." Some tumor models are noted for their abrupt transition from tumor to normal brain, 1~ whereas others are highly invasive, j2 Peritumoral brain tissue, therefore, may be essentially normal or may contain significant numbers of tumor cells.
In the human, local permeability of brain microvessels cannot be measured directly but can be inferred from a knowledge of the vessels' ultrastructure. In more permeable vessels elsewhere in the body, polar molecules cross the capillary wall by moving between endothelial cells, through fenestrae (in some tissues), and possibly via transcellular channels composed of vesicles. In the normal BBB, adjacent endothelial cells are joined by continuous bands of tight junctions, no fenestrae are present, and the density of endothelial vesicles is very low. When the BBB breaks down, the permeability routes that open depend on the specific pathological condition. In osmotic shock 1~ and hydrocephalus, z4'25 the interendothelial clefts become permeable. Hypertension results in an increase in the number and activity of endothelial vesicles. 19, 21, 34 Fenestrae form in vessels of several brain tumors.~'13'3~
The objectives of the present study were: 1) to assess the status of the BBB in human peritumoral brain tissue by quantitatively examining barrier-associated structural features of microvessels; and 2) to correlate BBB features with the cellular components of the vessel microenvironment.
Materials and Methods

Source of Tissue Samples
Tissue was obtained from 13 patients (five men and eight women, ranging in age from 22 to 77 years) who underwent lobectomy for removal of tumor. Only patients who had not received prior radiation treatment or chemotherapy were included in this study. All patients were diagnosed as having primary glial tumors (one anaplastic glioma, two malignant oligodendrogliomas, and 10 glioblastomas multiforme), with no other known disease that might affect the vessel ultrastructure. The tumors were almost evenly distributed between the left and right hemispheres (six and seven cases, respectively), and were found in the frontal lobe (five cases), temporal lobe (two cases), and parietooccipital lobe (six cases). All patients received four intravenous doses of Hexadrol phosphate (dexamethasone sodium phosphate), 0.25 mg/kg body weight, and intravenous mannitol, 1.0 gm/kg body weight, in a 20% solution infused 15 minutes prior to surgery.
Samples of peritumoral white matter were chosen from an area peripheral to the apparent edge of the tumor. Structurally normal brain tissue was taken from a site as distant from the tumor as was possible in the lobe to be removed.
Tissue Processing
Each sample was processed within a few seconds of removal from the brain. One-half of the sample was placed in 2.5% buffered glutaraldehyde at pH 7.3 for pathological evaluation by light microscopy, and the other half was immediately cut into small fragments in the same fixative for electron microscopic studies. Samples for light microscopy were embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Samples for electron microscopy were postfixed with 1% osmium tetroxide, stained en bloc with 2% uranyl acetate, dehydrated in ethanol followed by propylene oxide, and embedded in Epon. Sections 1 #m thick were stained with toluidine blue and examined by light P. A. Stewart, et al.
microscopy. Any blocks that contained necrotic tissue or that were grossly hemorrhagic were eliminated from the study.
Morphometry
All measurements from slides and electron micrographs were made by projecting the section or photograph onto a digitizing tablet connected to a microcomputer using a BASIC "Measure" program as described previously. 3~ Cell Density. Since malignant glial cells cannot always be distinguished histologically from normal glial cells, we estimated the nuclear densities in sections of peritumoral white matter and compared them with nuclear densities in normal white matter. The presence of a number of nuclei in excess of normal was considered to be due to infiltration of tumor cells. Toluidine blue-stained sections were outlined using a camera lucida attached to a light microscope. All cell nuclei except those of endothelial cells and pericytes were marked on the drawings, and the density was calculated from the measured areas of the sections.
Ultrastructure of Vessels. Thin sections were cut from selected blocks, mounted on grids, stained with uranyl acetate and lead citrate, and examined using a Philips 300 or a Hitachi H-7000-3 electron microscope.* Profiles of vessels sectioned transversely were photographed at low magnification for evaluation of their general features, and their junctions and a test zone for measurement of vesicular density were photographed at high magnification. A total of 259 vessel profiles (75 from normal white matter samples and 184 from peritumoral white matter samples) were analyzed. The test zone constituted 10% to 40% of the vessel profile and was selected to be approximately halfway between the edge of the nucleus and the most distant junction, or, if no nuclear profile was present, between the two most widely separated junctions or at 12 o'clock on the electron microscopy screen. The ultrastructural features measured were wall thickness, vesicular density, junctional morphology, and presence of pericytes.
Previous studies in mice by Coomber and Stewart 6 have shown that capillary walls of BBB vessels are about 40% thinner than those of other continuous capillaries. We hypothesized that this may be an important adaptation that facilitates the passage of nutrients across the BBB. An increased thickness in the vessel wall, therefore, might indicate a loss of barrier function. The orthogonal distance from the luminal membrane to the outer edge of the basal lamina was measured at 12 evenly spaced points around the circumference of the vessel, and a mean value was calculated.
If vesicles are involved in vascular permeability as considerable evidence suggests, 19'21'28'29'34 vessels with increased permeability would likely contain a higher density of vesicles. The area of the test zone was measured, and the number of vesicles that it contained was counted. Vesicular density was expressed as the number of vesicles per square micrometer of cytoplasm.
Since junctional clefts are thought to represent sections through paracellular channels, an increase in their size and/or extent would imply an increase in vascular permeability. Junctions that could be clearly seen from their luminal to abluminal ends were evaluated. The length of the junction was measured and the lengths of the clefts (that is, areas where the outer leaflets of apposing membranes were not fused) were measured and cumulated. A cleft index was defined as the proportion of the junctional profile that was composed of clefts. In addition, evidence of enlarged clefts was sought. Previous studies have shown that most clefts in normal BBB vessels are approximately 5 to 6 nm wide and the adjacent membranes appear to be parallel 3~ (see inset in Fig. 5 left) . Enlarged clefts are generally 15 to 20 nm wide. We chose 10 nm as a suitable cut-off point and scored all clefts 10 nm wide or less as "close" and those wider than 10 nm as "enlarged."
Pericytes are a class of phagocytic cells that invest capillaries and are enclosed within the vascular basal lamina. Although their function is not well understood, it has been suggested that they may form a "second line of defense" in the BBB by phagocytosing molecules that have inappropriately crossed the endothelial layer. They increase in size and number under conditions in which the BBB is breachedY ~ An increased perivascular layer in peritumoral brain, therefore, would suggest a defect in the barrier. The proportion of vessel profiles that included at least one pericyte process was recorded, and the area of the pericyte profiles was measured.
Statistical Analysis
Wall Thickness, Pericyte Area, and Vessel Density. In a previous study 32 we have shown that the thickness of the vessel wall in normal human white matter decreases with age, and that this is due in part to a loss of pericytes. To control for this, we tested for possible differences in these parameters between normal and peritumoral tissue, using a paired t-statistic in which data from normal tissue were paired with data from peritumoral tissue from the same patient.
Cleft Index. Since the cleft index was defined as a proportion, we tested for possible differences between normal and peritumoral tissue by calculating a single cleft index for each tissue type from all patients by the formula Y~ lengths of unfused segments Y~ lengths of junctions '
and by calculating the critical ratio for the population percentage. 5
Correlation Between Cleft Index and Nuclear Density. A linear regression analysis was used to determine whether the cleft index (which was found to be higher in peritumoral tissue) correlated with the number of tumor cells in the tissue sample, as judged by the nuclear density. Both nuclear density and the cleft index were computed as described above for each patient.
Results
Pathological Evaluation
All of the samples taken from areas as distant from the tumor as possible were structurally normal. Four of the peritumoral samples were judged to be edematous but had no definite tumor tissue, and the remainder were judged to be edematous with tumor present. Figure 1 shows a representative computerized tomography scan from a 77-year-old woman with edematous (radiolucent) peritumoral brain tissue peripheral to the enhancing edge of the tumor.
Cell Density
The density of cell nuclei in the peritumoral samples varied from normal (640 _+ a standard deviation (SD) of 140) to approximately four times the normal density. Figure 2 shows examples of peritumoral tissues that are structurally normal, infiltrated by tumor, and mostly tumor with a few myelinated axons. In most cases tumor cell infiltration appeared to be random, but in two samples the tumor cells were clustered around blood vessels (Fig. 3) . These irregular, highly variable cells are typical of glioblastoma multiforme cells and are identical in appearance and staining characteristics to cells in the corresponding tumor in each patient. This pattern could be due to tumor cell migration along or to proliferation around blood vessels.
Vessel Ultrastructure
General Appearance. The majority of the vessels appeared to be grossly normal ( Fig. 2 left) ; however, clearly abnormal vessels were seen occasionally in sam- (Fig. 3) . The a b n o r m a l vessels were large in diameter but lacked the adventitia that would accompany arterioles or venules of a similar size. The endothelial cells were u n e v e n and lacked the smooth luminal border that can be seen in more normal vessels.
Morphometry.
Results of morphometric studies of vessels in normal and peritumoral brain tissue are given in Table 1 . There was no difference in wall thickness between vessels in normal white matter and those in peritumoral white matter.
The percentage of vessel profiles that included at least one pericyte profile was lower in peritumoral brain than in normal white matter (62% vs. 81%, p < 0.002). In contrast, when individual pericyte profiles were examined, it was found that they were larger in peritumoral brain than in n o r m a l white matter (p < 0.02). These changes in m o r p h o m e t r y balanced each other such that the pericyte area per vessel profile remained unchanged. These data are consistent with the propo- sition that pericytes in peritumoral brain tissue may have a different shape than those in normal white matter. Rather than being spread thinly along the vessel wall, they may have become rounder, possibly due to the accumulation of lysosomes in the cytoplasm near the nucleus, and consequently may have retracted their processes. Whether these morphometric changes represent a change in pericyte shape, and whether this is, in fact, a consequence of phagocytosis of exogenous protein (representing a barrier defect) remains to be investigated.
The density of endothelial vesicles was slightly but significantly higher in peritumoral white matter than in normal white matter. However, the density was considerably less than vesicular densities in muscle capillaries in other species. 6'7 This finding may imply a slight increase in the density of the large pore in peritumoral brain tissue. The cleft index (the proportion of the interendothelial junction in which the outer leaflets were not fused) increased significantly in peritumoral white matter vessels. Although the ranges of cleft indices in normal and peritumoral samples overlapped, 14% of junctions in peritumoral white matter had cleft indices larger than the normal mean value plus 2 SD. Enlarged junctional gaps (wider than 10 nm) were found only occasionally in peritumoral brain (five in 184 profiles) and not at all in normal brain.
Correlation with Cell Density
We hypothesized that, if vascular abnormalities were caused by the presence of neoplastic cells in the immediate tumor environment, then the degree of abnormality should correlate positively with nuclear density. When a regression analysis was performed, the cleft index showed a significant correlation with cell density (Fig. 4) , but vesicular density did not.
Proximity of Tumor Cells to Vessels
An examination of the peritumoral tissue showed that many vessels were immediately surrounded by relatively normal tissue (Fig. 5 left) , but that a subpopulation of vessels (18% of the total) was surrounded by and in contact with tumor cells (Fig. 5 right) . When these data were separated from the rest of the data and the two subgroups analyzed, it was found that the vessels surrounded by tumor, when compared to normal, had thicker walls, larger pericytes, and a significantly higher cleft index (Table 2) . They were not different, however, with regard to the density of the vesicles. The subgroup of vessels without an encircling layer of tumor cells was not as abnormal as vessels surrounded by tumor cells, but neither were the vessels in this subgroup normal in that, as a group, their cleft index and mean vesicular density were higher than the same parameters in normal brain.
"Broken" Vessels
Of the 184 vessels examined in peritumoral brain, two had a frank break in the wall. It is not clear from the micrographs whether this represents a complete opening of the interendothelial junction or a mechanical break in the endothelial cell. In one case (Fig. 6 left) , a red blood cell seems to have been fixed in the process of extravasating through the break, and the basal lamina appears to have been dissolved. Such a break could conceivably have occurred as a result of the trauma of removal from the brain, but the apparent dissolution of the basal lamina argues against this. Although such vessels were found infrequently in the tissue that we examined, clearly they would allow considerable leakage of serum constituents and may also be responsible for the microhemorrhages seen in peritumoral brain. 
Discussion
White matter surrounding tumors in the brain is almost always edematous and contains varying numbers of tumor cells. Most of the edema fluid extravasates through the walls of highly abnormal vessels in the tumor and spreads into the surrounding tissue. The role, if any, that vessels in the peritumoral region play in edema formation is not well understood.
Polar molecules are thought to cross vascular walls via three types of pores: a very small pore for water, the size of which is beyond the limits of resolution of the electron microscope; a small pore for molecules up to 6 nm in diameter; and a larger pore for larger molecules including serum proteins. 9 Endothelial fenestrae, with their 5.5-nm openings, l probably represent one form of the small pore. No fenestrae were seen in any of the peritumoral samples in the study reported here. This is not entirely surprising since we and others ~4 were similarly unable to find any fenestrae in vessels of glioblastomas multiforme.
In more permeable vessels, small molecules larger than water are also thought to cross through narrow channels in endothelial junctions? These are apparent in electron micrographs as areas where the outer leaflets of apposed endothelial membranes are separated by a narrow space (junctional clefts). 2 Bundgaard 2 reconstructed cardiac interendothelial junctions from ultrathin serial sections and showed that the clefts are in fact continuous in adjacent sections and that some of them form channels that span the junction from lumen to ablumen.
Whether junctional clefts actually represent one form of the small pore in brain microvessels is still uncertain. We have found that, in normal cerebral capillaries from two species, junctional clefts constitute approximately 26% of the junctional profile. 3~ Since such vessels normally have low permeability, it is unlikely that many of these clefts represent complete channels. In peritumoral brain the mean cleft index rises to between 35% and 40%. This increase in cleft index suggests that the small pore may be present in peritumoral tissue. Individual junctions have cleft indices that range from essentially zero to more than 90%. The rise in total cleft index could be due to the opening up of some paracellular channels, which would be reflected in a large cleft index for individual junctional profiles that included the channels, but not for others. A definitive answer to this question requires serial reconstruction of the junctions.
The large pore probably exists in two forms: one that is coupled to hydraulic flow and one that is independent of water movement. 9 The water-filled channels may be represented both by static channels composed of vesicular chains with continuous lumina 4'28'29 and by enlargements of the junctional clefts forming a large intercellular channel. 24 '25 The remaining permeability to large molecules that is not coupled to water movement may hypothetically occur by the transfer of vesicle The increase in endothelial vesicles found in the peritumoral samples may reflect an increase in the number of larger pores and so may provide a pathway for serum protein extravasation. The occasional expanded junctional cleft that we observed and that is seldom found in the normal mature BBB 7"3~ may also represent the opening up of a large pore but, if so, they are rare in this tissue.
The vessel abnormalities found in peritumoral brain could conceivably be caused by the tumor mass itself, either through changes in the extracellular fluid emanating from the tumor or through mass effects; for example, decreased blood flow in the affected hemisphere and consequent ischemia. Several observations argue against this mechanism. In a rat brain model that has a distinct edge to the tumor, peritumoral vessels were found to be essentially normal both in structure and permeability despite the nearby large tumor. ~'3~ Conversely, the human glial tumors that were examined in the present study are highly invasive, as is reflected in the high nuclear density in peritumoral brain samples (Fig. 4) , and they have abnormal vessels in the peritumoral region. Furthermore, the abnormality correlated positively with nuclear density, and vessels that were entirely surrounded by tumor cells displayed the highest degree of abnormality. All of these observations suggest that tumor cells within the peritumoral environment cause changes in the vessels.
Tumor cells invading normal brain could alter the structure and function of blood vessels in a variety of ways. They might secrete inducing agents that direct the vessels to change; they might, through their metabolism, alter the extracellular milieu so that the vessels change secondarily; or, by surrounding the vessels, they might physically block any "maintenance" factors that blood vessels may require of normal brain to express their BBB features. The observation that the subpopulation of vessels in peritumoral brain not enveloped by tumor cells were, nevertheless, abnormal suggests the likelihood that there is an inductive effect of the tumor cells on the vessels that alter them.
We have found that blood vessels in peritumoral brain have structural abnormalities that suggest increased vascular permeability. Since direct contact between tumor cells and the vessel wall is not a requirement, the mechanism by which this change is produced probably includes the generation of inducing factors by tumor cells. The positive correlation between cleft index and nuclear density, and the finding of a subpopulation of highly abnormal vessels enveloped by a layer of tumor cells, support the hypothesis that the degree of abnormality in the vessels depends on the concentration of inducing factors in their environment. These data suggest that in tumors with a high degree of invasiveness, vessels in peritumoral brain may well contribute to the production of tumor-associated cerebral edema.
